J Clin Invest. 2013;123(2):630-645. https://doi.org/10.1172/JCI64265. MicroRNAs (miRNAs) have been shown to be dysregulated in virus-related cancers; however, miRNA regulation of virus-related cancer development and progression remains poorly understood. Here, we report that miR-148a is repressed by hepatitis B virus (HBV) X protein (HBx) to promote cancer growth and metastasis in a mouse model of hepatocellular carcinoma (HCC). Hematopoietic pre-B cell leukemia transcription factor-interacting protein (HPIP) is an important regulator of cancer cell growth. We used miRNA target prediction programs to identify miR-148a as a regulator of HPIP. Expression of miR-148a in hepatoma cells reduced HPIP expression, leading to repression of AKT and ERK and subsequent inhibition of mTOR through the AKT/ERK/FOXO4/ATF5 pathway. HBx has been shown to play a critical role in the molecular pathogenesis of HBV-related HCC. We found that HBx suppressed p53-mediated activation of miR-148a. Moreover, expression of miR-148a was downregulated in patients with HBV-related liver cancer and negatively correlated with HPIP, which was upregulated in patients with liver cancer. In cultured cells and a mouse xenograft model, miR-148a reduced the growth, epithelial-to-mesenchymal transition, invasion, and metastasis of HBx-expressing hepatocarcinoma cells through inhibition of HPIP-mediated mTOR signaling. Thus, miR-148a activation or HPIP inhibition may be a useful strategy for cancer treatment.
Introduction
MicroRNAs (miRNAs) are small noncoding RNA molecules that inhibit gene expression by interacting preferentially with the 3′-untranslated regions (3′-UTRs) of target mRNAs (1, 2) . These interactions may cause either inhibition of translation of the targeted mRNAs or their degradation. miRNAs have been shown to exhibit regulatory functions in numerous cellular processes, including proliferation, differentiation, and apoptosis. Accumulating evidence indicates that dysregulated miRNA expression is a common feature of human tumors (3) . miRNAs can function as either oncogenes or tumor suppressors through the suppression of key protein-coding genes involved in cancer development and progression (4) . Thus, they are involved in the regulation of many cancer-related signaling pathways, including the mTOR signaling pathway, which is commonly deregulated in human cancers (5) . PKB/AKT and ERK can activate the mTOR kinase (6, 7) . The activated mTOR kinase phosphorylates 2 key translational regulators, p70 ribosomal S6 kinase 1 (S6K1), which is a positive regulator of protein synthesis, and eukaryotic initiation factor 4E-binding (eIF4E-binding) protein 1 (4E-BP1), which negatively regulates eIF4E, a key rate-limiting initiation factor for cap-dependent translation. 4E-BP1 phosphorylation releases eIF4E, allowing translation initiation. Phosphorylation of S6K1 and 4E-BP1 leads to activation of their downstream effectors, including cyclin D1 and the oncoprotein c-myc.
It has been estimated that 10% to 15% of cancers are caused by viral infections (8, 9) . The most common are liver cancer caused by persistent infection with hepatitis B virus (HBV) or hepatitis C virus and cervical cancer caused by human papilloma virus. Recently, cellular miRNA expression has been shown to be interfered in response to virus infection (10) . For example, by analyzing miRNA expression change profiles, Zhang et al. compared the miRNA expression alterations during HBV infection with those in patients with hepatocellular carcinoma (HCC) (11) . Alteration of miRNA expression during chronic HBV infection was closer to that in patients with HCC than that during acute HBV infection, suggesting the contribution of altered miRNAs to HCC genesis from chronic HBV infection. Although cellular miRNAs were shown to be regulated by viruses, how perturbation of cellular miRNAs influences cancer development and progression remains largely unknown.
We and others have previously shown that hematopoietic pre-B cell leukemia transcription factor-interacting (PBX-interacting) protein (HPIP) can regulate cancer cell growth through activation of AKT and ERK (12, 13) . HPIP is a corepressor for the transcription factor PBX, which is involved in organogenesis and tumorigenesis (14) . HPIP interacts with estrogen receptor (ER) and recruits Src kinase and the p85 subunit of PI3K to estrogen-ER complex, which in turn activates AKT and ERK1/2 (13, 15) . Activation of AKT and ERK1/2 leads to enhanced ER phosphorylation and estrogen-responsive gene expression (12) . The HPIP-ER interaction in breast cancer cells promotes proliferation, in vitro migration and in vivo tumor growth. To further study the role of HPIP in cancer, we screened a series of miRNAs and identified HPIP as the target of miR-148a, which has been reported to be downregulated in gastric cancer (16) , colorectal cancer (16) , and pancreatic ductal adenocarcinoma (17) . We show that miR-148a, by targeting HPIP, reduces the growth, epithelial-to-mesenchymal transition (EMT), invasion, and metastasis of hepatocarcinoma cells through the inhibition of the AKT/mTOR or ERK/mTOR pathway. Moreover, HBV X protein (HBx), a virally encoded protein playing a key role in the molecular pathogenesis of HBV-related HCC (18, 19) , suppresses cellular miR-148a expression through interaction with the tumor suppressor p53, thus linking the miR-148a/HPIP/mTOR pathway to virus-related tumor growth and metastasis.
Results

miR-148a downregulates HPIP expression by targeting its 3′-UTR.
To further investigate the role of HPIP in cancer, we used 2 target prediction programs, TargetScan and miRanda, to screen for miRNAs that target HPIP. Our analysis predicted 3 potential HPIP-targeting miRNAs, miR-148a, miR-148b, and miR-152. Western blot analysis showed that only miR-148a could inhibit HPIP expression in HepG2 hepatoma cells ( Figure 1A Figure 2A ; supplemental material available online with this article; doi:10.1172/JCI64265DS1). Moreover, miR-148a overexpression also decreased HPIP expression in BEL-7402, SMMC-7721, and MHCC97-H hepatoma cells ( Figure 1A) . In contrast, inhibition of miR-148a increased HPIP expression in the above-mentioned cell lines ( Figure 1B ). miR-148a modulated only the protein level but not the mRNA level of HPIP, suggesting that this regulation is posttranscriptional (Supplemental Figure 2B ).
To confirm whether HPIP is a direct and specific target of miR-148a, we transfected HepG2 cells with HPIP 3′-UTR or 3′-UTR mutated luciferase reporter and the expression plasmid for miR-148a, miR-148b, or miR-152. miR-148a, but not miR-148b and miR-152, decreased the HPIP 3′-UTR reporter activity, suggesting that miR-148a specifically targets HPIP ( Figure 1C ). miR-148a did not affect the luciferase activity of the mutant reporter in which the binding sites for miR-148a were mutated. Similar results were obtained in BEL-7402 and SMMC-7721 cells (Supplemental Figure 2, C and D) as well as normal human hepatocyte LO2 cells ( Figure 1D ). Taken together, these results suggest that miR-148a inhibits HPIP expression by directly targeting its 3′-UTR.
miR-148a represses activation of AKT and ERK through inhibition of HPIP. HPIP has been shown to activate AKT and ERK in MCF7 breast cancer cells through its interaction with Src kinase and the p85 subunit of PI3K (13) . Thus, we tested whether HPIP interacts with Src and the p85 subunit of PI3K in hepatoma cells. Coimmunoprecipitation experiments showed that HPIP also associated with p85 and Src in HepG2 hepatoma cells (Supplemental Figure 3A ).
Activation of PI3K has been shown to produce phosphatidylinositol-3,4-bisphosphate and phosphatidylinositol-3,4,5-triphosphate that bind to the pleckstrin homology domain of AKT and 3′-phosphoinositide-dependent kinase-1 (PDK1), leading to their translocation to the plasma membrane (20) . The colocalization of activated PDK1 and AKT allows AKT to become phosphorylated by PDK1 at threonine 308 (T308). AKT can also be phosphorylated at serine 473 (S473) by the mTORC2 complex of the mTOR protein kinase. Src has been shown to activate ERK1/2 through the Ras/Raf/MEK1/2 pathway. As expected, HPIP activated AKT and ERK1/2 in HepG2 cells (Supplemental Figure 3 , B and C). The role of HPIP in the regulation of AKT had phosphorylation site specificity, because HPIP increased the level of AKT phosphoryla-tion on T308 but not on S473. Moreover, the PI3K inhibitor wortmannin inhibited the HPIP-mediated activation of AKT (Supplemental Figure 3B ), and the Src kinase inhibitor PP2 repressed the HPIP-mediated activation of ERK1/2 (Supplemental Figure 3C ), suggesting that HPIP activates AKT and ERK through its interaction with p85 and Src in hepatoma cells.
Since miR-148a inhibits HPIP expression, we determined whether miR-148a represses activation of AKT and ERK through inhibition of HPIP. Western blot analysis showed that miR-148a overexpression in HepG2 cells decreased the phosphorylation levels of AKT and ERK1/2, whereas knockdown of miR-148a with miR-148a inhibitor enhanced AKT and ERK1/2 phosphorylation, though their total levels remained unchanged (Figure 2A ). Like HPIP, miR-148a only inhibited the level of AKT phosphorylation on T308.
Next, we examined whether miR-148a inhibition of AKT and ERK was due to the inhibition of HPIP. We transfected miR-148a-expressing HepG2 (miR-148a-HepG2) cells with HPIP or HPIP siRNA. As expected, HPIP reexpression in miR-148a-HepG2 cells reversed the inhibition of AKT and ERK mediated by miR-148a ( Figure 2B ), and HPIP knockdown abolished the ability of miR-148a to repress AKT and ERK (Supplemental Figure 4 ). The knockdown effects could be rescued by siRNA-resistant HPIP expression. In addition, HPIP knockdown had similar effects to miR-148a overexpression on regulation of AKT and ERK (Supplemental Figure 4 ). These data suggest that miR-148a represses AKT and ERK through the inhibition of HPIP.
miR-148a suppresses the mTOR pathway through inhibition of HPIP/ AKT and HPIP/ERK pathways. Given that AKT and ERK can activate the mTOR pathway (6, 7) and miR-148a represses activation of AKT and ERK, we decided to investigate whether miR-148a represses the mTOR pathway. Western blot analysis showed that, consistent with the results of miR-148a inhibition of AKT and ERK phosphorylation, miR-148a overexpression in HepG2 cells decreased the levels of total mTOR and phosphorylation of mTOR and phosphorylation of S6K1 and 4E-BP1, 2 mTOR kinase targets, as well as the mTOR downstream effectors c-myc and cyclin D1, whereas knockdown of miR-148a with miR-148a inhibitor had opposite effects ( Figure 2A ).
Next, we determined whether miR-148a inhibition of the mTOR pathway was due to the inhibition of HPIP. We transfected miR-148a-HepG2 cells with HPIP or HPIP siRNA. Indeed, HPIP reexpression in miR-148a-HepG2 cells reversed the inhibition of the mTOR pathway mediated by miR-148a ( Figure 2B ), and HPIP knockdown abolished the ability of miR-148a to suppress the mTOR pathway (Supplemental Figure 4 ). The knockdown effects could be rescued by siRNA-resistant HPIP expression. Moreover, HPIP knockdown had similar effects to miR-148a overexpression on the regulation of the mTOR pathway (Supplemental Figure 4) . These results indicate that miR-148a suppresses the mTOR pathway through the inhibition of HPIP.
To further determine whether miR-148a represses the mTOR pathway through inhibition of HPIP-mediated activation of ERK, AKT, and mTOR, we treated HPIP-transfected HepG2 cells with PD98059, LY294002, and rapamycin, which are MAPK/ ERK1/2, PI3K/AKT, and mTOR pathway inhibitors, respectively. Intriguingly, inhibition of ERK1/2, AKT, and mTOR by PD98059, LY294002, and rapamycin, respectively, abolished the ability of HPIP to activate ERK, AKT, and mTOR as well as mTOR targets ( Figure 2C ). Furthermore, AKT or ERK reexpression in miR-148a-HepG2 cells reversed the inhibition of the mTOR pathway mediated by miR-148a (Supplemental Figure  5 , A-C), and the inhibition of AKT and ERK by LY294002 and PD98059 abolished the ability of miR-148a to repress mTOR signaling (Supplemental Figure 5D ). It should be noted that PD98059, LY294002, and rapamycin at relatively high concentrations inhibited the expression of total mTOR, but low concentrations of PD98059, LY294002, and rapamycin did not ( Figure 2 , C and D). Taken together, our data suggest that miR-148a represses the mTOR pathway through inhibition of HPIPmediated activation of ERK and AKT. mTOR exists in 2 distinct complexes: mTORC1 and mTORC2 (21) . mTORC1 is highly sensitive to rapamycin, whereas mTORC2 is relatively insensitive to rapamycin. The role of the mTORC2 complex, which is based on the interaction between mTOR and rapamycin-insensitive companion of mTOR (Rictor), has only recently emerged in cancer cell biology and is mainly related to the regulation of AKT S473 phosphorylation. The fact that miR-148a inhibits mTOR expression raises the possibility that mTOR might be a direct target of miR-148a. We used 2 target prediction programs, TargetScan and miRanda, to screen for miRNAs that target mTOR. However, our analysis did not predict mTOR as a direct target of miR-148a. To further test whether mTOR is as good a direct target of miR-148a as HPIP, we transfected HepG2 cells with mTOR 3′-UTR luciferase reporter and the expression plasmid for miR-148a. The results showed that miR-148a did not decrease the mTOR 3′-UTR reporter activity, suggesting that mTOR is not a direct target of miR-148a (Supplemental Figure 6A ). As mentioned above, miR-148a has little effect on AKT S473 phosphorylation activated by mTORC2, although it alters the expression of mTOR. To further determine whether miR-148a/HPIP regulates mTOR targets through the mTORC2 signaling pathway, we knocked down Rictor, an essential component of mTORC2, in HepG2 cells with Rictor-specific siRNAs. As expected, Rictor knockdown decreased AKT phosphorylation at S473 but not T308 (Supplemental Figure 6 , B and C). Importantly, knockdown of Rictor had little effect on miR-148a/HPIP modulation of mTORC1 targets. Taken together, these data suggest that miR148a/HPIP control the mTORC1/mTOR signaling pathway.
miR-148a/HPIP regulates mTOR expression through the AKT/ERK/ FOXO4/ATF5 pathway. mTOR is a serine/threonine protein kinase that regulates cell proliferation, migration, and invasion. Our study demonstrates that miR-148a/HPIP modulates mTOR expression. A previous study has shown that the oncoprotein breakpoint cluster region-abelson (BCR-ABL) controls mTOR transcription in leukemia cells through the AKT/FOXO4/ATF5 pathway (22) . BCR-ABL activates AKT, which in turn phosphorylates the transcription factor forkhead box O4 (FOXO4) and inactivates FOXO4. Inactivation of FOXO4 promotes the expression of activating transcription factor 5 (ATF5), one of whose transcriptional targets is mTOR. Activation of ERK1/2 has also been shown to phosphorylate FOXO proteins, resulting in negative regulation of FOXO transcriptional activity (23) . As miR-148a/ HPIP regulates AKT and ERK1/2 activation, we hypothesized that miR-148a/HPIP may modulate mTOR expression through the AKT/ERK/FOXO4/ATF5 pathway. As expected, miR-148a inhibited mTOR transcription in HepG2 cells ( Figure 3A ). HPIP reexpression in miR-148a-HepG2 cells reversed the inhibition of miR-148a-mediated mTOR transcription, suggesting that miR-148a regulates mTOR transcription through HPIP inhibition. Moreover, HPIP overexpression increased mTOR transcription, whereas HPIP knockdown decreased mTOR transcription ( Figure  3B ). Importantly, in addition to the inhibition of AKT and ERK as well as mTOR expression, miR-148a reduced FOXO4 phosphorylation and ATF5 expression in HepG2 cells ( Figure 3C ). HPIP reexpression in miR-148a-HepG2 cells reversed the miR-148a-mediated effects. Furthermore, HPIP overexpression increased FOXO4 phosphorylation and ATF5 expression, and HPIP knockdown had opposite effects ( Figure 3D ).
To test whether HPIP regulates mTOR expression through modulation of AKT/ERK, FOXO4, and ATF5, we used LY294002 and PD98059 inhibitors or siRNAs for FOXO4 and ATF5 to inhibit AKT and ERK or knockdown FOXO4 and ATF5. Indeed, inhibition of AKT or ERK abolished the ability of HPIP to increase FOXO4 phosphorylation and ATF5 expression ( Figure  3E ). FOXO4 knockdown abrogated the ability of HPIP to enhance the expression of ATF5 and mTOR ( Figure 3F ), and ATF5 knockdown abolished the ability of HPIP to promote mTOR expression ( Figure 3G ). These effects could be rescued by siRNA-resistant FOXO4 and ATF5 expression. Neither knockdown of FOXO4 nor knockdown of ATF5 altered the phosphorylation of AKT and ERK1/2 (Figure 3 , F and G), and ATF5 knockdown did not change FOXO4 phosphorylation ( Figure 3G ). These data suggest that HPIP regulates mTOR expression through the AKT/ERK/ FOXO4/ATF5 pathway.
To determine the role of mTOR in HPIP modulation of mTOR targets, we knocked down mTOR with mTOR siR-NAs. Although HPIP increased phosphorylation of S6K1 and 4E-BP1 as well as the expression of c-myc and cyclin D1, mTOR knockdown abolished the ability of HPIP to regulate these mTOR targets ( Figure 3H ).
Taken together, our data suggest that the miRNA-148a/HPIP axis may control mTORC1 signaling by a cooperative mechanism, involving both modulation of upstream AKT/ERK signaling and mTOR expression.
HBx suppresses p53-mediated activation of miR-148a and activates HPIP through inhibition of miR-148a. HBx protein has been shown to play a key role in the molecular pathogenesis of HBV-related HCC (16, 17) . To test whether HBx has an effect on miR-148a expression, we transfected normal human hepatocyte LO2 cells with HBx or its deletion mutant or large hepatitis delta antigen (L-HDAg). Expression of HBx, but not the C-terminal deletion mutant HBx(1-110) and L-HDAg, inhibited miR-148a expression, suggesting that HBx inhibition of miR-148a is specific (Figure 4A) . Similar results were observed in HepG2 (Supplemental Figure 7A ) and BEL-7402 (Supplemental Figure 7B ) cells. Consistent with miR-148a inhibition of HPIP, HBx increased HPIP expression, whereas HBx(1-110) and L-HDAg had much less effect on HPIP expression than HBx ( Figure 4A ). The observation that HBx(1-110) and L-HDAg slightly increased HPIP expression raises the possibility that HBx(1-110) and L-HDAg may regulate HPIP expression through other mechanisms in addition to miR-148a. HBx did not alter the expression of B cell CLL/lymphoma 2 (Bcl-2) (Supplemental Figure 7C ), another previously reported miR-148a target gene (24) , suggesting that HBx selectively regulates miR-148 target gene expression.
HBx was reported to regulate gene expression through its interaction with host transcriptional factors, such as the tumor suppressor p53 (19, 25, 26) . To determine how HBx controls the expression of miR-148a and HPIP, we first tested the effects of p53 on the expression of miR-148a and HPIP. Overexpression of wild-type p53 in LO2 cells increased expression of miR-148a and decreased that of HPIP ( Figure 4B ). The 2 p53 mutants, p53 (R249S) and p53 (R273H), which were identified in a variety of cancers, including HCC (27, 28) , failed to regulate the expression of miR-148a and HPIP ( Figure 4B ). In contrast, knockdown of endogenous p53 decreased expression of miR-148a and increased that of HPIP (Figure 4C ). Furthermore, knockdown of p53 reduced the ability of HBx to regulate the expression of miR-148a and HPIP ( Figure 4C ). Thus, we determined whether the interaction between HBx and p53 is important for HBx modulation of miR-148a and HPIP expression. p53 (R249S) and p53 (R273H), which did not change miR-148a and HPIP expression, reduced the interaction between p53 and HBx (Supplemental Figure 8A) . Similarly, HBx(1-110) did not interact with p53 (Supplemental Figure 8B) . These results suggest that the interaction between HBx and p53 is responsible for HBx modulation of miR-148a and HPIP expression.
To determine whether p53 directly transcribes miR-148a, we characterized a putative p53-binding site in the promoter of miR-148a. p53 robustly stimulated the activity of the luciferase reporter containing the putative p53-binding site but not the reporter with the mutated binding site or without the putative p53-binding site (Figure 4D) . ChIP assay showed that p53 was recruited to the miR-148a promoter but not to a region approximately 2-kb upstream of the miR-148a promoter ( Figure 4E ). Importantly, expression of HBx, but not the HBx(1-110) that did not interact with p53, decreased the promoter occupancy of p53 ( Figure 4E ). Taken together, these data strongly suggest that HBx inhibits miR-148a transcription through reduced recruitment of p53 to the miR-148a promoter.
To test whether HBx increases HPIP expression through inhibition of miR-148a, we transfected LO2 cells with HBx, either with or without miR-148a. As expected, HBx stimulated HPIP expression ( Figure 4F ). Importantly, introduction of miR-148a reversed the effect of HBx on HPIP expression, suggesting that HBx activates HPIP through inhibition of miR-148a.
miR-148a suppresses liver cancer cell proliferation, migration and invasion in vitro through inhibition of HPIP expression. Since miR-148a regulates the mTOR pathway, which plays a key role in cancer development and progression (5-7), we examined the effect of miR-148a on the growth of HepG2, SMMC-7721, and BEL-7402 cells. Cell proliferation and colony formation assays revealed that overexpression of miR-148a reduced the proliferation of these cell lines ( Figure 5A and Supplemental Figure 9 ), whereas miR-148a inhibition enhanced the proliferation of these cell lines ( Figure 5B and Supplemental Figure 9 ). Overexpression of HPIP reversed the effect of miR-148a on HepG2 cell proliferation ( Figure 5A ). Soft agar assay showed that miR-148a inhibited anchorage-independent HepG2 cell proliferation ( Figure  5C ). Again, introduction of HPIP reversed the effect of miR-148a on anchorage-independent HepG2 cell proliferation ( Figure 5C ). These results suggest that miR-148a inhibits hepatoma cell proliferation by targeting HPIP. Next, we examined the effects of miR-148a on migration and invasive capacity of hepatoma cells. miR-148a overexpression suppressed cell migration in HepG2, SMMC-7721, and BEL-7402 cells using a wound-healing assay (Supplemental Figure 10 , A, C, and E). Matrigel invasion assays demonstrated that miR-148a overexpression decreased the number of invaded cells in these cell lines ( Figure 5D and Supplemental Figure 10 , G and H). Conversely, miR-148a inhibition had opposite effects ( Figure  5E and Supplemental Figure 10 , B, D, and F). HPIP reexpression in miR-148a-HepG2 cells reversed the effects of miR-148a on cell migration and invasion ( Figure 5D and Supplemental Figure  10A ). Importantly, similar results were observed in HBx-expressing MHCC97-H cells ( Figure 5 , F and G). Thus, we tested direct effects of miR-148a on HBx-mediated growth and migration of hepatocytes. As expected, HBx increased LO2 cell growth and migration (Supplemental Figure 11, A and B) . Intriguingly, these effects were rescued by miR-148a reexpression. Similar effects were observed in HepG2 cells (Supplemental Figure 11 , C and D). These data suggest that HBx enhances liver cell growth and migration through inhibition of miR-148a.
miR-148a inhibits EMT through inhibition of HPIP expression. Since EMT is well known to be involved in invasion and metastasis of cancer cells (29) (30) (31) , we tested the effects of miR-148a on EMT in MHCC97-H cells. miR-148a overexpression inhibited morphologic changes from a polarized epithelial phenotype, which caused an elongated fibroblastoid phenotype (Figure 5H ), suggesting that miR-148a suppresses EMT. Moreover, miR-148a increased expression of the epithelial marker E-cadherin and decreased that of the E-cadherin repressor Snail as well as N-cadherin and Vimentin, 2 mesenchymal markers, accompanied by the inhibition of mTOR signaling ( Figure 5H ). The observed miR-148a-mediated phenotype was rescued by HPIP overexpression. Moreover, miR-148a reversed HBx-mediated effects on EMT and mTOR signaling (Supplemental Figure 11E ). miR-148a also inhibited EMT in HepG2 cells (Supplemental Figure 12, A and B) . These results suggest that miR-148a may control HCC progression and metastasis through regulation of EMT.
miR-148a inhibits tumor growth and metastasis of HCC in nude mice. To confirm the in vitro phenotype of miR-148a expression, we first examined the effect of miR-148a on HepG2 cell growth in nude mice. miR-148a markedly suppressed tumor growth ( Figure  6A ). As expected, the tumors in mice inoculated with miR-148a-HepG2 cell lines had reduced levels of HPIP and phosphorylation of mTOR, S6K1, and 4E-BP1 and the mTOR effectors c-myc and cyclin D1 ( Figure 6B ).
Next, we used a HBx-expressing metastatic HCC cell line, MHCC97-H, which showed lung metastasis, to measure the effect of miR-148a on metastasis. The number of the intrahepatic nodules and nodules spread throughout the pulmonary region was clearly decreased in the miR-148a-expressing group compared with that in empty vector group ( Figure 6C ). In the 3-dimensional maximum intensity projection and PET images, lung-to-blood or liver-to-blood radioactivity in the miR-148aexpressing group was significantly lower than that in control group. Histologic analysis on the lungs and livers confirmed the metastasis foci ( Figure 6, D and E) . The number of tumor foci found in the lungs or livers in the miR-148a group was much lower than that in the empty vector group (Figure 6, D and E) . These findings strongly supported the role of miR-148a as a suppressor of tumor dissemination.
HPIP increases hepatoma cell proliferation, migration, and invasion and promotes EMT through regulation of mTOR signaling.
Since miR-148a exerts its function through inhibition of HPIP, we determined whether HPIP has opposite functions of miR-148a in the regulation of HCC cell proliferation, migration, and invasion as well as EMT. As expected, HPIP overexpression in HepG2 cells promoted cell proliferation ( Figure 7A) , accompanied by elevated levels of phosphorylation of mTOR, S6K1, and 4E-BP1 and increased expression of c-myc and cyclin D1 ( Figure 7B ). However, treatment with the mTOR inhibitor rapamycin abolished the ability of HPIP to regulate cell proliferation as well as the mTOR pathway molecules (Figure 7, A and B) . A similar trend was obtained in migration and invasion assays (Figure 7 , C and D). Contrary to results found with miR-148a, HPIP increased EMT, with enhanced expression of N-cadherin, Vimentin, and Snail and reduced expression of E-cadherin ( Figure 7E ). The observed EMT effects could be reversed by rapamycin, suggesting that HPIP promotes EMT through regulation of mTOR signaling. Moreover, HPIP knockdown had similar effects to miR-148a overexpression on the regulation of hepatoma cell proliferation, invasion, and EMT and abolished the ability of miR-148a to regulate these effects (Supplemental Figure 12 , C-E). The knockdown effects could be rescued by siRNA-resistant HPIP expression. These data indicate that HPIP is a key mediator of miR-148a function. In addition, AKT and ERK1/2 were required for miR-148a/HPIP modulation of EMT because inhibition of AKT and ERK1/2 abolished the ability of miR-148a/HPIP to regulate EMT (Supplemental Figure 13) .
Expression of miR-148a and HPIP and correlation among miR-148a, HPIP, and HBV infection in human HCC samples. First, we assessed the miR-148a expression levels in a HCC cohort consisting of 52 pairs of primary HCC and their corresponding nontumorous livers by real-time RT-PCR. Compared with their corresponding nontumorous counterparts, miR-148a expression was reduced in liver cancer tissues (P = 7.70 × 10 -8 ) ( Figure 8A and Supplemental Figure 14A ). Interestingly, expression levels of miR-148a in patients with HBV infection with HCC (43 cases) were lower than those in patients without HBV infection with HCC (9 cases) (P = 5.32 × 10 -7 ), indicating that HBV infection may lead to reduced miR-148a expression ( Figure 8B ).
Next, we used Western blot and immunohistochemistry to detect HPIP protein expression in 52 pairs of HCC tumors and matched nontumor liver tissues. Western blot analysis demonstrated that 47 out of 52 (90.4%) of HCC cases had upregulated HPIP expression (Supplemental Figure 14B) . Moreover, immunohistochemical staining showed that HPIP expression was upregulated in HCC tissues (P = 2.10 × 10 -8 ) ( Figure 8C ), and patients with HBV infection with HCC had increased levels of HPIP compared with patients without HBV infection with HCC (P = 3.78 × 10 -7 ) ( Figure 8D ), suggesting that HBV infection may cause increased HPIP expression. We confirmed the specificity of the HPIP antibody by immunohistochemical staining of HCC samples incubated with anti-HPIP preincubated with its antigen (Supplemental Figure 14C ) and immunoblotting of lysates from HepG2 or LO2 cells transfected with HPIP siRNA (Supplemental Figure 14D ). In agreement with miR-148a inhibition of HPIP in cultured cells, expression of miR-148a negatively correlated with HPIP expression in HCC samples (P = 2.95 × 10 -10 , r = -0.609) ( Figure 8E ). Together, these data strongly suggest important pathological roles of miR-148a and HPIP in HCC.
We showed the expression levels of miR-148a in the cell growth and migration experiments. Finally, we investigated clinical correlation in 43 patients with HBV infection with HCC and 9 patients without HBV infection with HCC. Yuan et al. assessed clinical correlation in 19 patients with HBV infection with HCC.
More recently, miRNA expression profiling studies have shown that HBx expression or HBV infection result in alterations of expression of many miRNAs, although the function of these miRNAs remains largely unknown (11, 33, 34) . We identified miR-148a as a downstream target of HBx. Intriguingly, like HBx, HBV surface antigen (HBsAg) and HBV core antigen (HBcAg), 2 other HBV-encoded proteins, also inhibited miR-148a expression (data not shown). HBsAg indicates current hepatitis B infection and HBcAg is an indicator of active viral replication. The fact that HBsAg and HBcAg regulate miR-148a expression suggests that miR-148a may play a role in viral infection. The mechanisms by which HBsAg and HBcAg modulate miR-148a expression remain to be investigated. It will also be interesting to examine whether other tumor viruses alter host miR-148a expression.
Loss of function of the p53 tumor suppressor protein has been reported to be a causative event in the pathogenesis of a large fraction of human cancers (35) (36) (37) . p53 is frequently mutated in human cancers, including HCC, and many mutations of p53 lead to loss of p53 function. Indeed, our study showed that, unlike wild-type p53, which induced miR-148a expression through binding to the miR-148a promoter, p53(R249S) and p53(R273H) failed to stimulate miR-148a expression, suggesting that loss of p53 function represents a novel mechanism for miR-148a downregulation in patients with cancer. Another known mechanism underlying miR-148a downregulation is aberrant hypermethylation of the miR-148a promoter (38) (39) (40) . HBx has been shown to interact with the transcription factor p53 and repress p53 transcriptional activity (25, 26) . Although our data showed that HBx inhibits p53-mediated induction of miR-148a, we can not exclude the possibility that HBx may repress miR-148a transcription through interaction with other transcription factors.
miR-148a expression has been found to be downregulated in various types of nonvirus-associated cancers, including gastric cancer (16) , colorectal cancer (16) , and pancreatic ductal adenocarcinoma (17) . In gastric cancer, miR-148a represses tumor cell invasion and metastasis by downregulating Rho-associated, coiled-coil containing protein kinase 1 (ROCK1), a key modulator of processes involving cytoskeletal rearrangement (41) . miR-148a inhibits pancreatic cancer cell growth by targeting cell division cycle 25B (CDC25B), a key regulator for entry into mitosis (17) . By silencing Bcl-2, an important apoptosis regulator, miR-148a induces apoptosis in colorectal cancer (24) . We showed that miR-148a suppressed the growth, invasion, and metastasis of HBx-expressing hepatoma cells by directly targeting HPIP, whose role in human patients with cancer remains unknown. These data suggest that miR-148a plays important roles in the development and progression of both virusand nonvirus-associated cancers. Although Bcl-2 is a direct target of miR-148a and HBx represses miR-148a expression, HBx fails to regulate Bcl-2 expression, indicating that HBx selectively regulates miR-148a target gene expression. We showed that miR-148a directly targets HPIP and HBx activates HPIP through inhibition of miR-148a. HPIP is overexpressed in patients with HBV-related liver cancer and reverses the tumor suppressive function of miR-148a. HPIP increases hepatoma cell proliferation, migration, and invasion through regulation of mTOR signaling. These data sug-
Discussion
We have demonstrated for the first time to our knowledge that the miR-148a/HPIP/mTOR pathway controls the growth and metastasis of HBV-related HCC ( Figure 8F ). The HBV-encoded protein HBx, which has been associated with the development and progression of HCC, inhibits p53-mediated induction of miR-148a through its interaction with p53. Inhibition of miR-148a leads to increased HPIP expression and subsequent activation of the mTOR pathway, which plays a critical role in tumor development, invasion, and metastasis. As expected, miR-148a inhibits the growth, EMT, invasion, and metastasis of HBx-expressing hepatoma cells through suppression of HPIP-mediated mTOR pathway. Moreover, expression of miR-148a is downregulated in patients with HBV-related liver cancer and negatively correlated with HPIP, which is upregulated in patients with HCC. We believe that these findings provide novel mechanistic insights into HBVrelated hepatocarcinogenesis and metastasis.
Recently, Yuan et al. reported that anti-miR-148a inhibited the growth and migration of HBx-expressing hepatoma cells and that HBx increased miR-148a expression (32) . Consistent with the results reported by Yuan et al., we also demonstrated that miR-148a expression was downregulated in HCC tissue as compared with nontumorous liver tissue. However, we obtained opposing conclusions regarding HBx modulation of miR-148a expression as well as miR-148a modulation of liver cancer cell growth and migration. The discrepancies between results of our study and those reported by miRNA extraction and quantitative RT-PCR. Total RNA from tissues or cell lines containing miRNA was extracted using the miRNeasy Mini kit (Qiagen). Target miRNA was reverse transcribed to cDNA by a gene-specific RT primer using the miScript Reverse Transcription Kit (Qiagen). miRNA expression profiles of tissues or cell lines were determined with miScript SYBR Green PCR Kit (Qiagen) and performed on ABI7000 Real-Time PCR System (Applied Biosystems). Analysis of MTOR mRNA expression by quantitative RT-PCR (qRT-PCR) was performed, as previously described (22) . The relative quantification value of the target, normalized to a control, was calculated by the comparative Ct methods. The products of qRT-PCR were verified by sequencing.
ChIP. ChIP assay was performed with LO2 cells transfected with HBx or empty vector using the Magna ChIP Assay Kit (Millipore) according to the manufacturer's instructions (58) . Protein-DNA complexes were precipitated with normal IgG and anti-p53 (Sigma-Aldrich) at 4°C overnight with rotation. PCR was performed with the following primers: miR-148a promoter sense, 5′-GCCAGCTATCTTTCCACATCTGC-3′; miR-148a promoter antisense, 5′-CGCAGCCCCTAAAATATGCTTCTG-3′; miR-148a upstream sense, 5′-GTATTTCCTTTCTAGATAATAACTATAAC-3′; miR-148a upstream antisense, 5′-CTATCACTGATGGTGATAATCTACATC-3′.
Cell growth and colony formation assays. Anchorage-dependent cell growth was assessed by the CCK-8 Kit (Dojindo Laboratories) according to the manufacturer's instructions. For colony formation assay, transfected cells were seeded in 6-well plates at 2,000 cells per well. Two weeks later, colonies were fixed with 4% paraformaldehyde and stained with crystal violet for 30 minutes. The number of colonies with diameters of more than 1.5 mm were counted. For anchorage-independent growth assay (59), transfected cells were seeded in 6-cm plates, with a bottom layer of 0.7% low-melting-temperature agar in DMEM and a top layer of 0.35% agar in DMEM. Colonies with diameters greater than 100 μm were scored after 3 weeks of growth.
Cell migration and invasion assays. Wound healing assays were used to determine cell migration. Briefly, transfected cells grown in 6-well plates as confluent monolayers were mechanically scratched using a 1-ml pipette tip to create the wound. Cells were washed with PBS to remove the debris and were cultured for 16 hours to allow wound healing. Cell invasion assay was performed with Matrigel (BD Biosciences) coated on the upper surface of the transwell chamber (Corning). Twenty-four hours later, cells invaded through the Matrigel membrane were fixed with 4% paraformaldehyde and stained with crystal violet. After taking photographs, the number of invaded cells was counted.
In vivo tumor growth and metastasis. Animal studies were approved by the Institutional Animal Care Committee of Beijing Institute of Biotechnology. For in vivo tumor growth assay, HepG2 cells stably infected with pCDH or pCDH-miR-148a were injected subcutaneously in the dorsal of each animal (6-week-old male nude mice), respectively (n = 10). Tumor size was measured at indicated times (see Figure 6A ) using calipers. Tumor volume was calculated according to the following formula: volume = (longest diameter × shortest diameter 2 )/2. For the metastasis model, 2 × 10 6 MHCC97-H cells stably transfected with pCDH control or pCDH-miR-148a were injected intravenously via the lateral tail vein (n = 6). All mice were kept for about 60 days until imaged by small-animal PET imaging.
Small-animal PET imaging. PET of tumor-bearing mice was performed using an animal PET scanner (Philips Corp.). After they were intraperitoneally anesthetized by pentobarbital (100 mg/kg), mice were injected intravenously with 3.7 MBq (100 μCi) of 18 F radio-labeled fluorodeoxyglucose ( 18 F-FDG). Five-minute emission scans were performed to obtain attenuation correction data in the prone position at 60 minutes after injection, and delay scans of 10 minutes were acquired at 2 hours. The radioactivity of organs and blood was measured using a NaI (Tl) well counter (China Atom Corp.). For each mouse, radioactivity was calibrated against a known aliquot of the injected tracer and presented as percent injected dose of tissue. gest that HPIP is a key mediator of virus-related carcinogenesis and progression. Although HPIP upregulation in patients with cancer may be due to miR-148a downregulation, we can not exclude other mechanisms. EMT is an important step toward tumor invasion and metastasis. EMT can be induced by a variety of different molecules and pathways, including AKT (42), ERK (43, 44) , and mTOR signaling (45) (46) (47) , all of which are commonly deregulated in human cancers (5, 48, 49) . Since miR-148a and HPIP are upstream regulators of AKT, ERK, and mTOR signaling, we believe that miR-148a and HPIP are critical regulators of EMT. The important role of miR-148a and HPIP in cancer suggests that miR-148a activation or HPIP inhibition may be a useful strategy for cancer treatment.
Methods
Plasmids, cell lines, and reagents. miRNA precursors of hsa-miR-148a, hsa-miR-148b, and hsa-miR-152 were gifts from Xiaofei Zheng. The miRNA precursor sequences were cloned into pcDNA3.0 vector (Invitrogen). miR-148a inhibitor (anti-hsa-miR-148a), which was chemically synthesized, single-stranded, modified RNA, was purchased from Qiagen. Wild-type and mutated miR-148a putative targets on HPIP 3′-UTR were cloned into pmir-GLO dual-luciferase miRNA target expression vector (Promega). Briefly, the 3′-UTR of human HPIP gene was obtained by PCR using the following primers: 5′-CGGAATTCACCACCACCACCACCGGGGCTGA-3′ (forward) and 5′-GCTCTAGAGCAGGTCCAGCTAAGGCCTTTTTCT-3′ (reverse). To introduce mutations into the seed sequences of the predicted miR-148a target sites within the HPIP 3′-UTR, recombinant PCR was performed using the above-mentioned primers and the following primers: 5′-GACT-GTACGGGCTGGTGATTTTGCTCTACTGTGTGAAAG-3′ (forward) and 5′-CACACAGTAGAGCAAAATCACCAGCCCGTACAGTCTG-3′ (reverse). The 3′-UTR of the human MTOR gene was obtained by PCR using the following primers: 5′-CCGCTCGAGAGATGTGCCCATCACGTT-3′ (forward) and 5′-GCTCTAGACTGATGTCATTTATTGGCACA-3′ (reverse). After construction of the luciferase reporter genes, DNA sequences of the 3′-UTR were verified. Expression vectors for p53 siRNAs were from Yi Song. Expression plasmids for FOXO4 siRNAs (50), ATF5 siRNAs (51), mTOR siRNAs (52, 53) , and Rictor siRNAs (54) have been previously described. Expression vectors for HPIP and HPIP siRNA1 have been previously described (12) . The cDNA target sequence of HPIP siRNA2 was TTCTAGGGAGTGGAGTGGA. Expression constructs for siRNA-resistant HPIP, FOXO4, or ATF5 were generated by recombinant PCR, with a silent mutation in the 3′ nucleotide of a codon in the middle of the siRNA-binding site. The coding sequences of full-length HBx and its deletion mutant were amplified by PCR using pHBV3091 as a template (55) and cloned into pXJ40 vector harboring Myc epitope sequence (pXJ40-Myc). All cell lines (with wild-type p53) were purchased from ATCC but the MHCC97-H cell line (with mutant p53 at codon 249), which was a gift from Ying Jiang (56) . Stable cell lines overexpressing miR-148a were generated by lentiviral transduction using pCDH plasmid carrying miR-148a (System Biosciences). Anti-cyclin D1, anti-ERK1/2, anti-AKT, anti-p-AKT(T308), anti-p-AKT(S473), anti-p-ERK1/2(T202/Y204), and anti-ATF5 antibodies were purchased from Santa Cruz Biotechnology Inc.; anti-E-cadherin, anti-Snail, and anti-N-cadherin were obtained from BD Biosciences; anti-mTOR, anti-p-mTOR(S2448), anti-S6K1, anti-p-S6K1(T389), anti-4E-BP1, anti-p-4E-BP1(T37/46), anti-Vimentin, and antip-FOXO4(S193) were from Cell Signaling Technology; and anti-HPIP and anti-FOXO4 antibodies were obtained from Proteintech.
Luciferase reporter assay. Cells seeded into 24-well plates were cotransfected with miR-148a and luciferase reporter constructs containing wild-type or mutated HPIP 3′-UTR. Cells were harvested and analyzed for luciferase and β-galactosidase activities, as described previously (57) . All transfection experiments were performed in triplicate and reproduced at least 3 times.
